There is abundant, physiologically relevant knowledge about protein cores; they are hydrophobic, exquisitely well packed, and nearly all hydrogen bonds are satisfied. An equivalent understanding of protein surfaces has remained elusive because proteins are almost exclusively studied in vitro in simple aqueous solutions. Here, we establish the essential physiological roles played by protein surfaces by measuring the equilibrium thermodynamics and kinetics of protein folding in the complex environment of living Escherichia coli cells, and under physiologically relevant in vitro conditions. Fluorine NMR data on the 7-kDa globular N-terminal SH3 domain of Drosophila signal transduction protein drk (SH3) show that charge-charge interactions are fundamental to protein stability and folding kinetics in cells. Our results contradict predictions from accepted theories of macromolecular crowding and show that cosolutes commonly used to mimic the cellular interior do not yield physiologically relevant information. As such, we provide the foundation for a complete picture of protein chemistry in cells.
There is abundant, physiologically relevant knowledge about protein cores; they are hydrophobic, exquisitely well packed, and nearly all hydrogen bonds are satisfied. An equivalent understanding of protein surfaces has remained elusive because proteins are almost exclusively studied in vitro in simple aqueous solutions. Here, we establish the essential physiological roles played by protein surfaces by measuring the equilibrium thermodynamics and kinetics of protein folding in the complex environment of living Escherichia coli cells, and under physiologically relevant in vitro conditions. Fluorine NMR data on the 7-kDa globular N-terminal SH3 domain of Drosophila signal transduction protein drk (SH3) show that charge-charge interactions are fundamental to protein stability and folding kinetics in cells. Our results contradict predictions from accepted theories of macromolecular crowding and show that cosolutes commonly used to mimic the cellular interior do not yield physiologically relevant information. As such, we provide the foundation for a complete picture of protein chemistry in cells.
protein NMR | protein thermodynamics | protein folding | in-cell NMR C lassic theories about the effects of complex environments consider only hard-core repulsions (volume exclusion) and so predict entropy-driven protein stabilization (1) (2) (3) . Here, we use the 7-kDa globular N-terminal SH3 domain of Drosophila signal transduction protein drk (SH3) as a model to test this idea in living cells. SH3 exists in a dynamic equilibrium between the folded state and the unfolded ensemble (4) . This two-state behavior (5) is ideal for NMR-based studies of folding. Fluorine labeling (6) of its sole tryptophan leads to only two 19 F resonances (7): one from the folded state, the other from the unfolded ensemble (Fig. 1A) . The area under each resonance is proportional to its population, ρ f and ρ u, respectively. These populations are used to quantify protein stability via the modified standard state free energy of unfolding,
where R is the gas constant and T is the absolute temperature. Furthermore, the width at half height of each resonance is proportional to the transverse relaxation rate, which is an approximate measure of intermolecular interactions (8) (9) (10) . Thus, this simple system yields both quantitative thermodynamic knowledge and information about interactions involving the folded state and the unfolded ensemble.
To assess the enthalpic (ΔH°′ U ) and entropic (ΔS°′ U ) components, we measured the temperature dependence of ΔG°′ U . These data were fitted to the integrated Gibbs-Helmholtz equation (11) , assuming a constant heat capacity of unfolding, ΔC°p ,U :
where T ref is either the melting temperature, T m (where ρ f = ρ u ), or the temperature of maximum stability, T s (where ΔS°′ U = 0) (11).
Results and Discussion Stability in Buffer. In buffer at pH 7.2 and 298 K, ΔG°′ U is 0.52 ± 0.03 kcal/mol, ΔH°′ U is 10 ± 1 kcal/mol, TΔS°′ U is 10 ± 1 kcal/mol, and ΔC°′ p,U is 0.87 ± 0.06 kcal/mol/K ( Fig. 1C and SI Appendix, Tables S1  and S2 ). ΔG°′ U is concentration independent from 11 μM to 1.1 mM (SI Appendix, Fig. S1 ) and consistent with reported values (4, 7) . ΔC°′ p,U is also consistent with predictions (11, 12) .
Stability in Cells. Spectra were then acquired in E. coli (Fig. 1B) . We know from cell lysate spectra that a 19 F-labeled metabolite is present under the peak from the unfolded ensemble (Fig. 2) . Two approaches were used to account for this metabolite in calculations of ΔG°′ U, T .
At one extreme, no correction was made, such that the equilibrium constant for unfolding equals the area of the composite in-cell (IC) unfolded peak ( R U IC ) over the area of the folded form ( R F IC ):
This approach overestimates the population of the unfolded ensemble, and thus gives a minimum value for ΔG°′ U, T (Eq. 3, green curve in Fig. 1C ). The second method accounts for the metabolite by using the following equations, which are described below:
The first step removes the contribution from any leaked metabolite. This was accomplished by examining the supernatant spectrum,
Significance
Understanding protein thermodynamics as it occurs inside cells is a fundamental goal of biophysics, and, from a practical point of view, will facilitate the design and improvement of protein-based drugs and catalysts. By measuring the temperature dependence of protein stability inside Escherichia coli cells, we show, contrary to predictions, that proteins are not necessarily stabilized inside cells compared with buffer alone. We also show that crowdinginduced charge-charge interactions slow folding because of preferential interactions with the unfolded ensemble, and reducing these interactions increases protein stability.
which does not contain any SH3 protein, folded or unfolded. The area of the metabolite resonance in the supernatant spectrum ( R S, Fig. 2 B and E) was subtracted from the area of the composite peak in the in-cell spectrum ( R U IC ) to yield R U IC − R S. The second step estimates U frac (Eq. 4), the fraction of the composite in-cell peak, U IC , that represents the unfolded ensemble. This estimation was accomplished by using the spectrum of the cell lysate ( Fig. 2 C and F) , which contains resolved peaks for the metabolite plus the unfolded ensemble in the lysate. The ratio of the area of the unfolded peak ( R U lysate ) to the total upfield peak [ R (U lysate + M lysate )] provides U frac (Eq. 4). The product of the two terms [( R U IC − R S) * U frac ] divided by the area from the resonance of the folded form in cells ( R F IC ) gives a metabolite-corrected approximation of the equilibrium constant that was used to estimate ΔG°′ U, T in cells (Eq. 5, red curve in Fig. 1C ).
Using U frac to correct the in-cell data is only an approximation because it assumes the population of the unfolded ensemble does not change on cell lysis. This approach probably overestimates ΔG°′ U, T (gives the maximum stability, "cells-corrected" in Fig. 1C ) because in vitro studies with protein crowders as well as in-cell studies show that destabilizing weak attractive interactions often dominate stabilizing hard-core excluded volume effect (13) (14) (15) . We expect the true ΔG°′ U, T lies between the two values.
Both curves indicate that SH3 is not stabilized in cells (Fig. 1C) . T m and ΔG°′ U either decreased or were unchanged compared with buffer (SI Appendix, Tables S1 and S2), consistent with other studies, (13, (15) (16) (17) (18) but inconsistent with previously accepted crowding theory (1, 2) . ΔC°′ p,U is the same in buffer and in cells (SI Appendix, Table S1 ). The stability decrease from the uncorrected data (0.53 ± 0.07 kcal/mol at 298 K) arises from a decrease in ΔH°′ U (SI Appendix, Table S3 ), which is also inconsistent with theory. The corrected data indicate no change in ΔH°′ U, T . Further, diluted cell lysates and 100 g dry /L reconstituted lysate (14, 19) had little effect on SH3 stability (SI Appendix, Fig. S2 ). Because stabilizing hardcore repulsions are always present, our data show that these repulsions can be completely offset by attractive interactions in cells.
Charge-Charge Interactions. To probe electrostatic interactions between SH3 (pI calc 5, Fig. 1 D-F ) and protein crowders, we then performed in vitro experiments at several pH values in 100-g/L solutions of BSA (66 kDa, pI calc 6) or lysozyme (14 kDa, pI calc 9).
At pH 7.2, lysozyme destabilized SH3 relative to buffer (ΔΔG°′ U,298 K = −0.92 ± 0.03 kcal/mol, Fig. 1D ) and broadened its resonances ( Fig. 3A and SI Appendix, Table S2 ). We attribute both effects primarily to attractive, nonspecific, charge-charge interactions between the protein surfaces. Consistent with this idea, adding 0.15 M NaCl to screen the charge-charge interaction decreased both the destabilization (ΔΔG°′ U,298 K = −0.70 ± 0.03 kcal/mol) and line width (SI Appendix, Table S2 ). BSA, which has a net charge similar to SH3 at this pH, was slightly stabilizing (ΔΔG°′ U, 298 K = 0.09 ± 0.06 kcal/mol) and caused weak broadening, as expected for proteins having the same net charge (3).
We then decreased the pH to 5.4. SH3 is a polyanion at both pH 7.2 and 5.4, lysozyme remains a polycation but with a lower net positive charge, and BSA changes from a polyanion to polycation. Lysozyme is less destabilizing (ΔΔG°′ U,298 K = −0.76 ± 0.09 kcal/mol, Fig. 1E ) at the lower pH, whereas BSA changes from slightly stabilizing to having no effect on stability. In addition, lysozyme causes less broadening at the lower pH, whereas BSA causes more broadening. All these observations reinforce the idea that charge-charge interactions play a key role in modulating stability. However, hydrogen bonds, weakly polar interactions, and hydrophobicity (20) must also contribute to attractive intermolecular interactions because at pH 3.0 (Fig. 1F ), lysozyme and SH3 are both positively charged, yet SH3 remains destabilized (ΔΔG°′ U,298 K = −0.39 ± 0.05 kcal/mol).
Synthetic Polymer and Their Monomers are Not Biologically Relevant.
The sucrose-, glucose-, and ethylene-glycol-based polymers, Ficoll, dextran, and PEG, respectively, have been used for decades to mimic the cellular interior (2) . Contrary to what is observed in cells (Fig. 1C) , the polymers stabilize SH3 relative to buffer (Fig. 4 and SI Appendix, Tables S1-S3). Furthermore, the monomers are more stabilizing than the polymers, the opposite of what is usually implied by the term "macromolecular crowding" (21) . In addition, theory predicts that stabilization arises from entropic effects, yet ethylene glycol and PEG stabilize SH3 enthalpically, whereas the sugar-induced stabilization is entropic. Clearly, synthetic polymers are poor mimics of the cellular interior, and existing theories need to be modified. The modifications must account for nonspecific chemical attractions that act enthalpically to destabilize the protein and nonspecific repulsive chemical interactions that act enthalpically to stabilize the protein (22) . The picture is even more complicated because the accounting must also consider solvent (23) , including its size relative to the crowding molecules (21) .
Biologically Relevant Crowders Interact More Strongly with the Unfolded Ensemble. Resonance broadening (Fig. 3A) is only an approximate measure of attractive intermolecular interactions. To obtain more detailed knowledge, we used 19 F relaxation data to estimate tumbling times (τ m ) (10) of SH3 under crowded conditions.
In buffer, τ m is 4 ns/rad for the folded state and 3 ns/rad for the unfolded ensemble ( Fig. 3B and SI Appendix, Table S4 ), similar to published values (24) . Ficoll (300 g/L) increases τ m fourfold and fivefold for the folded state and unfolded ensemble, respectively. These increases likely arise from an increase in microscopic viscosity (19) . The viscosity of the 100 g/L lysozyme solution is only 1.3 times that of water (19) , yet τ m increases 5-fold (folded state) and 13-fold (unfolded ensemble). BSA at 100 g/L has a similar viscosity, yet increases τ m 3-fold (folded state) and 25-fold (unfolded ensemble). The large effect on the unfolded ensemble suggests that interactions with the unfolded ensemble cause the stability changes shown in Fig. 1 .
Folding and Unfolding Rates Confirm Preferential Interactions of
Biologically Relevant Crowders with the Unfolded Ensemble. We also quantified folding and unfolding rates (Fig. 3C and SI Appendix, Table S5 ). Rate data were acquired in BSA, lysozyme, urea (all at 100 g/L), and Ficoll (300 g/L). Ficoll decreased the folding and unfolding rates threefold. Slower folding is consistent with the viscosity increase. Slower unfolding in Ficoll is consistent with both viscosity and an entropic pressure for protein compaction (25, 26) ; however, limiting the explanation to viscosity and compaction effects is probably too simple. In contrast, BSA had only small effects, whereas lysozyme slowed folding fivefold but had no effect on unfolding. Like lysozyme, urea slowed folding fivefold, but increased unfolding threefold.
We speculate that urea's small size allows it to penetrate the folded state to speed unfolding, while its interaction with the backbone in the unfolded ensemble slows folding, whereas lysozyme is too large to penetrate and affect unfolding, but slows folding via the aforementioned interactions with the unfolded ensemble. These observations reinforce the idea that biologically relevant conditions can destabilize proteins by facilitating favorable interactions with the unfolded ensemble.
Conclusions
Our data show that physiologically relevant information about protein exteriors has been hidden because proteins are studied in buffer instead of in cells. This limitation does not matter for protein cores; they yield relevant information in buffer because interior atoms experience the same environment in cells as they do in buffer--they are surrounded by other protein atoms. Exteriors are fundamentally different. In buffer, the surface is exposed to mostly water, but the cytoplasm is dramatically complex and crowded (27) . The data indicate that crowding proteins interact with test protein surfaces, and these interactions affect both the equilibrium and kinetics of folding. Although synthetic polymers are important in industrial applications, they are poor models of the cellular interior. Our data also show that theories to explain protein behavior in cells must consider the folded state, the unfolded ensemble, and include terms for hard-core repulsions, solvation, hydrogen bonds, charge-charge-, hydrophobic-, and weakly polar interactions, all of which contribute to the enthalpic and entropic components of crowding effects. Recent modifications to theory (22) , as well as simulations of intracellular dynamics, are pointing the way (27) . Most importantly, our data, and those of others (13, (15) (16) (17) (18) , show that studying protein folding in living cells is key to gaining information needed to understand the many roles of proteins in biology.
Materials and Methods
Protein Expression for In-Cell NMR. Plasmids harboring the gene encoding SH3 were transformed into Agilent BL21 DE3 Gold cells by heat-shock. A single colony was used to inoculate a 5-mL culture of Lennox broth (10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl) supplemented with 100 μg/mL ampicillin. The culture was incubated with shaking at 37°C (New Brunswick Scientific Innova I26, 225 rpm). After 8 h, 50 μL of the saturated culture was used to inoculate 50 mL of supplemented M9 media (50 mM Na 2 HPO 4 , 20 mM KH 2 PO 4 , 9 mM NaCl, 4 g/L glucose, 1 g/L NH 4 Cl, 0.1 mM CaCl 2 , 2 mM MgSO 4 , 10 mg/L thiamine, 10 mg/L biotin, and 150 mg/L ampicillin, pH 7.4).
The 50-mL culture was shaken at 37°C overnight. The culture was then diluted to 100 mL with supplemented M9 media. Five-fluoroindole (in dimethyl sulfoxide) was added to a final concentration of 0.1 g/L, and the culture was shaken for 30 min. Isopropyl β-D-1-thiogalactopyranoside (IPTG, 1 mM final concentration) was used to induce expression. After 45 min, cells were pelleted at 1,000 × g and resuspended in M9 media without 5-fluoroindole, and expression was again induced to ensure efficient incorporation of the label. After 45 min, the cells were pelleted at 1,000 × g and washed three times with in-cell NMR buffer (200 mM Hepes, 100 mM bis-Tris propane, 50 μg/mL chloramphenicol, 150 μg/mL ampicillin, pH ∼7.6). Chloramphenicol was used to halt protein expression before NMR. Cell pellets were resuspended in 300 μL of in-cell NMR buffer and loaded into standard 5-mm NMR tubes. Typical cell slurries were 50% wet cells by volume.
Protein Expression for Purification. Transformation and growth were performed as described in the first paragraph of the previous section.
The 50-mL cultures were shaken at 37°C overnight, diluted to 1 L with supplemented M9 media, and shaken until the optical density at 600 nm reached 0.6. Five-fluoroindole was added (0.1 g/L final concentration) and the culture shaken for an additional 30 min. IPTG (1 mM final concentration) was used to induce expression. After 1 h, cells were pelleted at 1,000 g at 10°C for 30 min, resuspended in 50 mM Tris (pH 7.5), and frozen at −80°C.
Protease inhibitors [Sigma-Aldrich P-2714, containing 4-(2-aminoethyl) benzenesulfonyl fluoride, aprotinin, bestatin, E-64, EDTA, and leupeptin] were added before lysis. Cells were lysed by sonication (Fisher Scientific Sonic Dismembrator model 500, 15% amplitude, 15 min, 67% duty cycle) on ice. Cell debris was removed by centrifugation at 16,000 × g at 10°C for 30 min, and the sample was passed through a 0.45-μm filter. Purification involved two chromatography steps using a GE AKTA FPLC. The first step was anion exchange (GE Q column, 5-45% gradient, 50 mM Tris wash buffer, 50 mM Tris/1 M NaCl eluant buffer, pH 7.5). SH3 binds weakly to anion exchange media. Protease inhibitors were added to the SH3-containing fractions, and the sample was passed through a 0.22-μm filter. The second step was size exclusion chromatography (GE Superdex 75 column eluted with 50 mM K 2 HPO 4 , 150 mM NaCl, 1 mM EDTA, pH 7.2). Purified protein was dialyzed against 17 MΩ cm NMR. In-cell samples were prepared as described above. For in vitro experiments, purified fluorine-labeled protein was added to NMR buffer (50 mM acetic acid/sodium acetate, Hepes, bis-Tris propane, pH 7.2) containing the stated concentration of cosolute. The concentration of BSA/lysozyme was verified by UV-visible spectroscopy (NanoDrop ND-1000). Polymer and lysate crowders were weighed (Ohaus PA64). One experiment used NMR buffer plus 150 mM NaCl, to assess salt dependence. Fluorine spectra were acquired at 4°C (5°C for in-cell experiments), 10°C, 15°C, 20°C, 25°C, 30°C, 35°C, 40°C, and 45°C with a Bruker Avance III HD spectrometer operating at a 5, 50, 90, 150, 225 , 300, 600, and 1,000 ms for buffer and 1.5, 70, 140 (×3), 210, 300, 500, and 800 ms for crowded samples] with a 2-s relaxation delay was used to measure folding/unfolding rates. Sweep widths were 70 ppm in both dimensions; 1,024 complex points were collected during t 2 with 64 or 72 complex points in t 1 at each t mix . Sixteen transients were acquired per increment.
Fluorine spectra were acquired before and after the relaxation and exchange experiments to assess sample integrity and reversibility. Populations of the folded and unfolded states remained constant, or the dataset was discarded. For the in-cell samples, the cell slurry was removed after the experiment and gently pelleted. The supernatant was diluted twofold. The cells were resuspended in 0.4 mL of in-cell NMR buffer plus protease inhibitors, lysed by sonication, and clarified at 16,000 × g. Spectra were acquired on the supernatant to assess protein leakage and on the lysates to assess the effect of lysates on stability. No protein leakage was observed.
Data Processing. Data were processed with Topspin 3.2. For temperature variation experiments, free induction decays (fids, 50,000 points each) were subjected to a 10-15-Hz broadening function before zero filling (to 131,000 points) and Fourier transformation. For T 1 and T 2 experiments, fids (50,000 points) were subjected to a 10-to 15-Hz broadening function before zerofilling to 131,000 points. For exchange spectroscopy, t 2 data (1,024 complex points) were subjected to a cosine-squared bell function before zero filling to 4,096 points. t 1 data were linear predicted to 256 points before application of a cosine-squared bell function. Subsequent zero filling to 512 points and Fourier transformation yielded the final spectra.
Resonance intensities were extracted for relaxation experiments. For temperature variation experiments, peaks were integrated. Peak volumes were fitted as described. Published assignments were used (7) .
Fluorine T 1 (1/R 1 ) and T 2 (1/R 2 ) data were fit using Model Free formalism to calculate rotational correlation times (τ m ) (28, 29) . The internal correlation time (τ e ) and the order parameter (S 2 ) were set to 20 ps and 0.82 for the folded state and 1,200 ps and 0.34 for the unfolded state, respectively (24) . Chemical shift anisotropy and asymmetry terms were set to −93.5 ppm and 0.24, respectively (30) . No μs-ms motion was observed in buffer, and a 950-Hz effective field was used for the R 2 measurements. Therefore, chemical exchange was not included in fitting. The average 19 F-1 H distances (r) and τ m were then minimized based on fitting the R 1 and R 2 data.
Analysis of Uncertainties. Triplicate datasets, using three different batches of purified protein, were acquired for the pH 7.2 buffer dataset. The sample SDs depended on temperature (±52 cal/mol, ±45 cal/mol, ±59 cal/mol, ±31 cal/mol, ±31 cal/mol, ±66 cal/mol, ±61 cal/mol, ±14 cal/mol, ±35 cal/mol at 4°C, 10°C, 15°C, 20°C, 25°C, 30°C, 35°C, 40°C, and 45°C, respectively). For buffer, we used these SDs to drive Monte Carlo error analysis. One thousand randomly generated datasets were fitted to the integrated Gibbs-Helmholtz equation at T ref . To extrapolate H°′ U, Tref and ΔS°′ U, Tref , and their uncertainties, to 298 K, the average and sample SDs of ΔH°′ U, Tref , T ref , and ΔC°′ p,U from this analysis were used to drive another Monte Carlo analysis (n = 10 6 ) using Kirchhoff's relations. The uncertainties in ΔH°′ U, 298 K and ΔS°′ U, 298 K are larger than the uncertainty in ΔG°′ U, 298 K because the enthalpy and entropy of unfolding are derived from for three variables (ΔH°′ U, Tref , T ref , and ΔC°′ p,U ) and their uncertainties.
For the in-cell data, a similar method was used. Triplicate data were obtained for the 10°C, 25°C, and 40°C datasets. For the other datasets uncertainties from the nearest-neighbor triplicate dataset were used to drive the analysis. For example, the 5°C and 15°C used the uncertainty associated with the 10°C dataset.
For in vitro experiments in the presence of crowders, triplicate 25°C data were acquired on the same sample. The SD was used to scale the uncertainties at other temperatures based on the SDs of the buffer dataset. These scaled values were used to drive the Monte Carlo analysis.
For in vitro relaxation rates, one mixing time was acquired three times. The sample SD was used to drive Monte Carlo analysis (n = 1,000) to obtain R 1 and R 2 . The mean and SDs from this analysis were used to drive another Monte Carlo analysis (n = 1,000) using the Model Free approach (28, 29) to obtain r, τ m , and their uncertainties. Fitted r values varied from 1.8 to 2.1 Å for the folded state and from 2.0 to 2.4 Å for the unfolded state.
Folding rate data in buffer were acquired in triplicate and fitted as described (31) . The uncertainty is the sample SD. For in vitro folding rates, one mixing time was acquired three times. The sample SD was used to drive Monte Carlo analysis (n = 100). For folding rates, R1 was fixed to the value acquired from inversion recovery experiments for in vitro crowded conditions.
In-Cell pH. Purified protein was resuspended in 50 mM citrate, 50 mM bis-Tris propane, 50 mM Hepes, 50 mM borate, 5% D 2 O, 0.1% DSS (pH values: 5.0, 5.8, 6.5, 6.9, and 7.5). Data were acquired from 10°C to 40°C in 5°C increments. The difference in the 19 F chemical shifts between the two states is sensitive to pH (SI Appendix, Fig. S3 ). These experiments were combined with two NMR buffer experiments [50 mM acetate, 50 mM Hepes, 50 mM bis-Tris at pH 7.2 (with and without 0.15 M NaCl)] to assess salt effects, which were minimal. The shift change as a function of pH was fitted to a secondorder polynomial to produce a standard curve. Shift differences from in-cell data sets were then compared with this standard curve to obtain the pH in cells. The pH in cells, 7.2, compares favorably to the external meter reading minus 0.4 pH units, as previously described (32, 33) . Table S3 . Change in thermodynamic parameters at 298 K (Condition-Buffer).
Green shading indicates significant stabilization (i.e., >0 uncertainty). Red shading indicates significant destabilization. Blue indicates significant changes in !,!°" . For other entries, the uncertainties are too large to permit classification. Table S1 for abbreviations. b The uncertainly is the range of two trials. Figure S1 . Concentration dependence of SH3. Linewidth and stability are independent of concentration from 10 µM to 1.1 mM.
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Figure S2. Diluted cell lysates (green) and 100 g dry /L reconstituted cytoplasm (red) have small effects on SH3 stability compared to buffer (black). Diluted lysate spectra were deconvoluted (inset; red, metabolite; green, unfolded ensemble) to provide the area of the unfolded ensemble. Reconstituted lysate was not chemically stable above 298 K.
